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Ueta and Miyata show that peripheral
nerve injury-induced microgliosis in the
brainstem is necessary for thalamic
whisker map reorganization. Microglial
depletion suppresses thalamic whisker
map reorganization and prevents ectopic
mechanical hypersensitivity. These data
provide evidence that brainstem local
microglia function as a remote-control
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https://doi.org/10.1016/j.celrep.2021.108823SUMMARYWhisker deafferentation in mice disrupts topographic connectivity from the brainstem to the thalamic ventral
posteromedial nucleus (VPM), which represents whisker map, by recruiting ‘‘ectopic’’ axons carrying non-
whisker information in VPM. However, mechanisms inducing this plasticity remain largely unknown. Here,
we show the role of region-specific microglia in the brainstem principal trigeminal nucleus (Pr5), a whisker
sensory-recipient region, in VPMwhisker map plasticity. Systemic or local manipulation of microglial activity
reveals that microglia in Pr5, but not in VPM, are necessary and sufficient for recruiting ectopic axons in VPM.
Deafferentation causes membrane hyperexcitability of Pr5 neurons dependent on microglia. Inactivation of
Pr5 neurons abolishes this somatotopic reorganization in VPM. Additionally, microglial depletion prevents
deafferentation-induced ectopic mechanical hypersensitivity. Our results indicate that local microglia in
the brainstem induce peripheral nerve injury-induced plasticity of map organization in the thalamus and sug-
gest that microglia are potential therapeutic targets for peripheral nerve injury-induced mechanical hyper-
sensitivity.INTRODUCTION
When peripheral nerve is severely damaged, neural circuits in the
central nervous system undergo plasticity and large-scale reor-
ganization. In the somatosensory pathway, deafferentation of
peripheral nerves reorganizes somatotopic representation, re-
sulting in shrinkage of deafferentated body map and extension
of adjacent receptive field size at the spinal cord and multiple
brain regions from lower- to higher-order processing levels
(Jones, 2000; Kaas et al., 1983). This somatotopic reorganization
is found similarly in both rodents and primates, including humans
(Kaas et al., 2008), and is thus considered to be a common neural
basis among species underlying nerve injury-induced functional
abnormalities, such as referred sensation, ectopic hypersensitiv-
ity, or ectopic pain (Costigan et al., 2009; Flor et al., 2006). How-
ever, how peripheral nerve injury induces neural plasticity in the
distant central circuits remains largely unknown.
A previous study suggests that deafferentation-induced so-
matotopic reorganization in the lower-order processing level
will be amplified in the higher-order processing levels in the brain
through ascending connections (Jones, 2000). In agreement with
this idea, suppressing map plasticity in the brainstem by
neuronal inactivation also suppresses cortical map plasticity in
primates with lesions in the dorsal columns of the spinal cord
(Kambi et al., 2014). Thus, activity-dependent mechanisms
play a crucial role for transneuronal propagation of somatotopic
reorganization. In the spinal cord, deafferentation-inducedThis is an open access article undchanges in neuronal activity are regulated by microglial activity
(Inoue and Tsuda, 2018). Microglia are brain-resident immune
cells and are well known to associate with local regulation of
neuronal and synaptic activity not only during development
(Gunner et al., 2019; Miyamoto et al., 2016; Paolicelli et al.,
2011; Parkhurst et al., 2013; Schafer et al., 2012; Ueno et al.,
2013) but also under various pathophysiological conditions
(Milligan and Watkins, 2009; Salter and Stevens, 2017; Sellgren
et al., 2019; Spiller et al., 2018). Following the sciatic nerve injury,
microglial activity-dependent alterations in sensory neuronal ac-
tivity and rewiring of dorsal horn circuits both contribute to an
enhanced mechanical hypersensitivity (Guan et al., 2016; Inoue
and Tsuda, 2018). Thus, microglia are another key element of
deafferentation-induced alterations in local neuronal activity
and plasticity. It is important to know whether local microglial
function mediates peripheral nerve injury-induced plasticity to
distant central reorganization of somatotopic circuits.
To answer this question, we used the deafferentation-induced
reorganization of the mouse whisker pathway, which we have
previously identified (Nagumo et al., 2020; Takeuchi et al.,
2012, 2017). Rodent whisker sensory signals directly enter the
brain at the brainstem principal trigeminal nucleus (Pr5). Pr5 neu-
rons send axonal innervation through the medial lemniscal
bundle to neurons in the contralateral ventral posteromedial nu-
cleus (VPM) of the thalamus, which further innervate the ipsilat-
eral primary somatosensory cortex (Iwasato and Erzurumlu,
2018; Kawasaki, 2015). After developmental synapse eliminationCell Reports 34, 108823, March 9, 2021 ª 2021 The Authors. 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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OPEN ACCESS(Narushima et al., 2019; Takeuchi et al., 2012), a single mature
VPM neuron receives a single axon from a Pr5 neuron (Arsenault
and Zhang, 2006; Takeuchi et al., 2014). In the whisker region of
VPM called ‘‘barreloids,’’ a neuron receives an axon strictly from
a neuron in the whisker region of Pr5 called ‘‘barrelettes’’
(Figure S1). Whisker deafferentation by the infraorbital nerve
cut (IONC) reorganizes this topographic connectivity from Pr5
to VPM. The proportion of VPM neurons receiving multiple
axonal innervation (typically greater than three axons) increases
after 5–6 days from IONC (Takeuchi et al., 2012) (Figure S1). At
the same time, ectopic axons originating from the Pr5 non-barre-
lettes invade the VPM barreloids (Takeuchi et al., 2017)
(Figure S1). These axonal remodeling processes require the
nerve injury, while sensory loss without severe nerve damage,
such as whisker plucking or pharmacological blockade of the in-
fraorbital nerve transmission, is insufficient for inducing these
processes (Takeuchi et al., 2012).
In this study, we found that unilateral IONC induced region-
specific increase of microglial cell number, which is termed mi-
crogliosis (Ransohoff, 2007), in the Pr5 barrelettes, but not in
the VPM barreloids, of the affected side. By using systemic or
local manipulation of microglia, we revealed that Pr5 microglia
were necessary for the IONC-induced recruitment of ectopic
axons in the VPM barreloids. Microgliosis in Pr5 caused mem-
brane hyperexcitability of Pr5 neurons after IONC. Inactivation
of Pr5 neurons abolished the IONC-induced recruitment of
ectopic axons in the VPM barreloids. Furthermore, IONC-
induced ectopic mechanical hypersensitivity was completely
prevented by microglial depletion. These results demonstrate
that peripheral nerve injury-induced activation of local neuron-
microglia interaction in the brainstem functions as a remote-con-
trol mechanism for map reorganization in the thalamus, which
underlies ectopic mechanical hypersensitivity.
RESULTS
Peripheral sensory nerve injury increases brainstem
microglia
We examined localization of microglia in the whisker somatosen-
sory pathway after 1 day, 3 days, and 1 week from unilateral
IONC using a myeloid cell marker Iba1 immunohistochemistry.
Iba1 immunoreactivity in the Pr5 barrelettes, but not in the
non-barrelettes, was higher on the IONC-affected side than on
the intact side (Figures 1A and 1C), whereas Iba1 immunoreac-
tivity in VPM was similar between the IONC-affected side and
the intact side in the same mice (Figures 1B and 1D). Accumula-
tion of Iba1-positive cells in the IONC-affected side of the Pr5
barrelettes was already apparent at 1 day after IONC (Figure 1C).
Cell density in the Pr5 barrelettes became highest at 1 week after
IONC (Figure 1C), when the thalamic reorganization occurs
(Takeuchi et al., 2012) (Figure S1). Iba1-positive cell accumula-
tion in the Pr5 barrelettes lasted for at least 1 month (Figure S2).
Iba1-positive cells in the Pr5 barrelettes intensely expressed
CD68-positive lysosomes, another type of myeloid cell marker
(Figures 1E and 1G). By contrast, in VPM, we detected neither
accumulation of Iba1-positive cells nor intense expression of
CD68 after IONC (Figures 1F and 1G). Iba1 immunoreactivity is
found in various types of myeloid cells, including both microglia2 Cell Reports 34, 108823, March 9, 2021and peripheral macrophages.We found that TMEM119 immuno-
reactivity, which is specific tomicroglia, but not tomacrophages,
was completely overlapped with Iba1 immunoreactivity in Pr5
even in the IONC-affected side (Figure 1H). These results indi-
cate that IONC induces the region-specific microgliosis in the
Pr5 barrelettes, but not in the VPM barreloids.
Microglia-dependent recruitment of multiple axons in
VPM neurons
To examine the role of microgliosis in the nerve injury-induced
reorganization of thalamic circuit, we used microglial depletion
by orally administered PLX3397 (PLX), an inhibitor of c-kit and
colony-stimulating factor 1 receptors (CSF1Rs); the latter is
essential for survival and proliferation of microglia (Figure 2A).
Consistent with the previous report (Elmore et al., 2014), PLX
administration depleted almost all of themicroglia from the brain,
including both Pr5 and VPM regardless of IONC (Figures 2B and
2C).
We examined how microglial depletion influences the IONC-
induced remodeling of afferent fibers that innervate individual
VPM neurons. Electrical stimulation of lemniscal fiber bundle
evokes excitatory postsynaptic currents (EPSCs) in a VPM
neuron (Miyata and Imoto, 2006). A single VPM neuron receiving
multiple axonal inputs expresses multiple EPSC steps when a
stimulus intensity is gradually increased (Narushima et al.,
2016), but receiving a single axonal input expresses a single
EPSC step in an all-or-none fashion (Takeuchi et al., 2012)
(Figure S1). The same as in our previous report (Takeuchi et al.,
2012), VPM neurons expressing multiple EPSC steps were
frequently found in the IONC group (Figure 2D). Under systemic
microglial depletion using PLX, however, most of the VPM neu-
rons expressed a single EPSC step in the IONC-PLX group, as
well as in the control-PLX group (Figure 2D). Single-fiber EPSC
amplitudes were larger in the IONC-PLX group than in the
IONC group (Figure 2E). The maximum EPSC amplitudes were
similar between the two groups (Figure 2E). These data indicate
that VPM neurons in the IONC group could not recruit additional
axonal inputs without microglia. Thus, the IONC-induced micro-
gliosis is necessary for weakening of single-fiber input and re-
cruiting multiple axonal innervations to individual VPM neurons.
Microglia-dependent recruitment of ectopic axons in
the VPM barreloids
We have previously reported that the IONC-induced newly re-
cruited axons in VPM originate from non-whisker regions of
the brainstem (Takeuchi et al., 2017). Pr5-originated axon ter-
minals in VPM have vesicular glutamate transporter type 2
(VGluT2) immunoreactivity (Figure S3) (Graziano et al., 2008).
Principal neurons in the Pr5 barrelettes can be distinguished
from those in the Pr5 non-barrelettes using Krox20-Cre mice
(Takeuchi et al., 2014). We crossed the Krox20-Cre mice with
Ai34D reporter mice to express synaptophysin-tdTomato
selectively in Pr5 barrelette-originated axon terminals in the
VPM barreloids. These mice enable us to identify whisker-orig-
inated axon terminals as both tdTomato- and VGluT2-positive
puncta, while ectopic axon terminals were tdTomato-negative
but VGluT2-positive puncta (Figure S3; Figure 3A). We
confirmed tdTomato-positive puncta apposition to dendritic
Figure 1. Infraorbital nerve cut (IONC) induces the region-specific microgliosis
(A and B) Localization of Iba1-positive myeloid cells. IONC increases Iba1 immunostaining in the whisker region (barrelettes, indicated by arrowheads) of the
brainstem principal trigeminal nucleus (Pr5) (A), but not in the whisker region (barreloids, indicated by arrowheads) of the thalamic ventral posteromedial nucleus
(VPM) (B). Barreloids and barrelettes are both identified using Krox20-Cre::Ai14 mice. Mice are examined after 1 day, 3 days, or 1 week after unilateral IONC.
Images are obtained from mice after 3 days from IONC. See also Figure S1. Scale bars, 0.5 mm.
(C) IONC rapidly increases Iba1-positive cell density in the Pr5 barrelettes (3mice per group). *p = 0.0124 at 1 day, 0.0402 at 3 days, or 0.0462 at 1week; unpaired t
test.
(D) IONC induces undetectable changes in the density of Iba1-positive cells in VPM (3 mice per each group). Unpaired t test.
(E–G) CD68-positive lysosomes expression in Iba1-positive cells. CD68 immunostaining shows robust increase of lysosomes in the Pr5 barrelettes (E and G: 6
mice), but not in the VPM barreloids (F and G: 6 mice) after 3 days from IONC. **p = 0.0015; unpaired t test. Data are presented as mean ± SEM. See also
Figure S2. Scale bars, 40 mm (E and F).
(H) Iba1 immunoreactivity is completely overlapped with TMEM119 immunoreactivity, which is specific to microglia, in the IONC-affected side of Pr5. Note that
TMEM119 immunoreactivity is abundant in both proximal and distal parts of microglial processes, while Iba1 immunoreactivity is less prominent in distal parts
than in proximal parts of processes. Scale bars, 40 mm.
d, days; n.s., not significant; w, weeks. See also Figures S1 and S2.
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OPEN ACCESSspines on a postsynaptic VPM neuron (Figure S4), indicating
the successful labeling of functional synapses. We first exam-
ined the effect of systemic microglial depletion using PLX
continuous administration before and after IONC (Figures 3A
and 3B). IONC or microglial depletion hardly affected the den-
sity of total VGluT2-positive puncta (Figure 3C). On the other
hand, the densities of ectopic puncta showed a huge difference
dependent on the condition (Figure 3C; Figure S5; Table 1). The
same as in our previous report (Takeuchi et al., 2017),
compared with the control group, IONC increased the density
of ectopic puncta and its ratio to the total VGluT2-positive
puncta in the VPM barreloids (Figures 3C and 3D). By contrast,
the density and the ratio of ectopic puncta in the IONC-PLX
group were similar to that in the control group and much lower
than that in the IONC group (Figures 3C and 3D).
Microgliosis lasted after formation of the IONC-induced
ectopic axons (Figure S2), suggesting that microglia continu-
ously contribute to the maintenance of reorganized circuits. Toexamine the role of continued microgliosis after formation of
the IONC-induced ectopic axons, we depleted microglia starting
after 2 weeks from the IONC operation (Figure S6A). The den-
sities of VGluT2-positive puncta were similar between the
IONC group and the IONC-PLX group, whereas the density
and the ratio of ectopic puncta were much lower in the IONC-
PLX group than in the IONC group (Figures S6B and S6C). The
density of Pr5 barrelette-originated puncta was higher in the
IONC-PLX group than in the IONC group (Figure S6B). Thus, re-
maining microgliosis is necessary for maintaining the formation
of IONC-induced ectopic axonal innervation to the VPM
barreloids.
Next, to examine whether Pr5-specificmicrogliosis associates
with the IONC-induced recruitment of ectopic axons in the VPM
barreloids, we locally depleted or activated microglia using
injection of clodronate liposomes, which induce apoptosis of mi-
croglia (Nakayama et al., 2018) (Figures 4A–4F), or lipopolysac-
charide, which enhances inflammatory responses in microgliaCell Reports 34, 108823, March 9, 2021 3
Figure 2. Microglial depletion suppresses the IONC-induced multiple axonal innervations from Pr5 to individual VPM neurons
(A) Scheme of microglial depletion. Mice are fed with either a normal diet or a diet containing PLX3397 (PLX; 290 mg/kg), an inhibitor of c-kit and colony-
stimulating factor 1 receptors. Iba1 immunostaining shows robust decrease in microglia numbers in the IONC group treated with PLX (IONC-PLX) (bottom right
image) compared with that with a normal diet (bottom left image). Scale bars, 0.2 mm.
(B and C) Microglial depletion using PLX. PLX treatment depletes almost all of the microglia in both Pr5 (B, 3 mice) and VPM (C, 3 mice). ****p < 0.0001; unpaired t
test.
(D) Microglial depletion suppresses a stepwise increase of excitatory postsynaptic currents (EPSCs) evoked by lemniscal fiber stimulation in VPM neurons under
voltage-clamp (VC). Left bottom image: a biocytin-filled VPMneuron. Scale bar, 50 mm.Middle traces: three steps of EPSCs in the IONCgroup and a single step of
EPSC in the IONC-PLX group reflecting that a recorded neuron receives three axons and a single axon, respectively. Right graphs: the proportion of VPM cells
receiving one, two, or more than three discrete axonal innervations in the IONC (15 cells, 6 mice), control-PLX (16 cells, 5 mice), and IONC-PLX groups (19 cells, 9
mice). **p = 0.0012; ***p = 0.0006; chi-square test.
(E) Single fiber (SF) and themaximum (Max) EPSC amplitudes (33 fibers from the IONCgroup and 23 fibers from the IONC-PLX group). *p = 0.0308; unpaired t test.
Data are presented as mean ± SEM.
n.s., not significant. See also Figure S1.
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OPEN ACCESS(Figures 4G–4I), respectively. In all cases, the densities of
VGluT2-positive puncta were largely similar among conditions
(Table 1). The density and the ratio of ectopic puncta were lower
in the IONC group with local microglial depletion from Pr5, but
not that from VPM, than in the IONC group (Figures 4C and 4F;
Figure S5). Thus, microglia in Pr5 are necessary for the IONC-
induced recruitment of ectopic axons. Furthermore, locally
induced microgliosis in Pr5 was sufficient for recruiting ectopic
axons without IONC (Figure 4I; Figure S5). Together with the
IONC-induced Pr5-specific microgliosis (Figure 1), these results
indicate the crucial role of microglia in Pr5 for recruiting IONC-
induced ectopic axonal innervation to the VPM barreloids.
Microglia-dependentmembrane hyperexcitability of Pr5
neurons
To understand the role of microglia in Pr5, we first need to know
how neuron and microglia interact locally in Pr5. Aberrantly
induced microgliosis in the spinal cord causes hyperexcitability
of dorsal horn sensory neurons (Guan et al., 2016), implying
that the IONC-induced microgliosis also affects Pr5 neuronal4 Cell Reports 34, 108823, March 9, 2021excitability. To identify whether this form of neuron-microglia
interaction occurs in Pr5, we examined electrophysiological
properties of putative principal neurons in the Pr5 barrelettes
2–3 days after IONC, earlier than the formation of ectopic axons
in VPM (Figure 5A). Resting membrane potentials of Pr5 neurons
were similar among three groups: the control, IONC, and IONC-
PLX groups (Figure S7A). However, input resistances and sag
amplitudes were both larger in the IONC group than in both the
control group and the IONC-PLX group (Figure S7A), consistent
with the previous study performed during post-natal develop-
ment (Lo and Erzurumlu, 2001). Pr5 neurons showed sustained
firing during a depolarizing current injection (Figure 5B). The
slope of firing frequency-current relationships was steeper in
the IONC group than in the control group or the IONC-PLX group
(Figure 5B). Pr5 neurons showed rebound spikes in response to
a hyperpolarizing current injection (Figure S7B). The number of
rebound spikes was also larger in the IONC group than in the
other two groups (Figure S7C). These data suggest the crucial
role of neuron-microglia interaction in the IONC-induced mem-
brane hyperexcitability of Pr5 neurons.
Figure 3. Systemic microglial depletion suppresses the IONC-induced recruitment of ectopic axons in the VPM barreloids
(A) Identification of Pr5 barrelette-originated axon terminals (whisker-origin puncta) in the VPMbarreloids of Krox20-Cre::Ai34Dmice, which express both VGluT2
and tdTomato. Ectopic puncta express only VGluT2. See also Figures S3 and S4.
(B) Top scheme: a schedule for systemic depletion of microglia using PLX. Bottom images: puncta in the VPM barreloids in the control (n = 4 mice), IONC (n = 4),
control-PLX (n = 4), or IONC-PLX (n = 4) group. Arrowheads indicate ectopic puncta. Scale bars, 10 mm.
(C) Densities of VGluT2-positive puncta (left) and ectopic puncta (right). **p = 0.0013; ***p = 0.0007; ****p < 0.0001; one-way ANOVA followed by post hoc
Dunnett’s test compared with the IONC group.
(D) Ratios of ectopic puncta to the total VGluT2-positive puncta. ***p = 0.0004 versus control-PLX or 0.0008 versus IONC-PLX; ****p < 0.0001. Data are presented
as mean ± SEM. See also Figures S5 and S6 and Table 1.
See also Figures S3–S6.
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OPEN ACCESSIn the macaque monkey with spinal cord injury, inactivation of
brainstem neurons can suppress somatotopic reorganization in
the somatosensory cortex (Kambi et al., 2014). Similar to this
report, we confirmed that Pr5 neuronal activity regulates the
IONC-induced recruitment of ectopic axons in VPM. We locally
inactivated Pr5 neurons by injecting lidocaine, a sodium channel
blocker (Figures 5C and 5D). Because we did not inhibit micro-
glia, IONC increased Iba1-positive cells as usual (Figure 5D).
However, IONC failed to recruit ectopic axons in the VPM barre-
loids (Figures 5E and 5F). Thus, the IONC-induced microgliosis
triggers membrane hyperexcitability of Pr5 principal neurons
and may subsequently contribute to recruitment of ectopic
axonal innervation to the VPM barreloids.
Microglia-dependent ectopic mechanical
hypersensitivity
IONC induces mechanical hypersensitivity to tactile stimulation
to regions outside the maxillary whisker field. This abnormal
sensation closely associates with thalamic whisker map reorga-
nization (Nagumo et al., 2020; Takeuchi et al., 2017). Becauseinhibition of microglia was sufficient for suppressing the IONC-
induced recruitment of ectopic axons in VPM (Figures 3 and 4),
we examined whether the microglial depletion affects the
IONC-induced ectopic mechanical hypersensitivity (Figure 6A).
IONC lowered the escape thresholds for filament forces that
were applied to the lower jaw at 1 day, 2 or 3 days, and
1 week after the operation, whereas escape thresholds were
similar among the other three groups (Figures 6B and 6C). These
data indicate that microglial depletion using PLX prevented the
IONC-induced low thresholds of escape behavior (Figure 6C).
Microglial depletion itself had little effect on the baseline
threshold (Figure 6C). Thus, microglia play a key role for regu-
lating development of the IONC-induced ectopic mechanical hy-
persensitivity, as well as thalamic whisker map reorganization.
DISCUSSION
Our results demonstrate the microglia-dependent mechanism of
somatotopic reorganization of thalamic circuits, which is
induced by transection of the peripheral sensory nerve. TheCell Reports 34, 108823, March 9, 2021 5




















Control (4) 5.1 ± 0.2 4.2 ± 0.2 0.9 ± 0.2
IONC (4) 6.6 ± 0.3 3.7 ± 0.1 2.9 ± 0.3
Control-PLX (4) 6.0 ± 0.4 4.6 ± 0.3 1.3 ± 0.3
IONC-PLX (4) 5.2 ± 0.2 4.0 ± 0.1 1.2 ± 0.1
IONC-CL(Pr5) (7) 5.5 ± 0.7 3.9 ± 0.4 1.5 ± 0.3
IONC-CL(VPM) (5) 5.8 ± 0.3 3.4 ± 0.2 2.5 ± 0.3
LPS(Pr5) (6) 5.8 ± 0.3 3.4 ± 0.3 2.3 ± 0.2
IONC-Li(ctrl) (4) 6.6 ± 0.4 3.9 ± 0.3 2.7 ± 0.3
IONC-Li (7) 5.3 ± 0.4 4.0 ± 0.4 1.4 ± 0.2
Statistics n.s. n.s. p < 0.0001
Statistical comparison is assessed by one-way ANOVA. Data are pre-
sented as mean ± SEM. Numbers in parentheses represent number of
Krox20-Cre::Ai34D mice used. Control-PLX or IONC-PLX, systemic
depletion of microglia using PLX; IONC-CL(Pr5 or VPM), local depletion
of microglia from Pr5 or VPM in the IONC mice by clodronate liposomes
(CL) injection; IONC-Li, local inactivation of Pr5 neurons in the IONCmice
by lidocaine injection; IONC-Li(ctrl), saline injection instead of lidocaine;
LPS(Pr5), local activation of microglia at Pr5 in the intact mice by lipopoly-
saccharide (LPS) injection; n.s., not significant.
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OPEN ACCESSnerve cut induces microgliosis in Pr5, where the injured nerve in-
nervates. The neuron-microglia interaction in Pr5 is required for
recruiting ectopic axonal innervation to VPM. Microgliosis is
also necessary for expressing the nerve injury-induced ectopic
mechanical hypersensitivity. These results emphasize the crucial
role of microglia in the brainstem for promoting a large-scale
reorganization of somatotopically arranged functional connec-
tivity from the brainstem to the thalamus and ectopic mechanical
hypersensitivity.Peripheral nerve injury-induced activation of neuron-
microglia interaction in the brainstem
We found that the IONC-induced microgliosis associates with
membrane hyperexcitability of Pr5 neurons (Figure 5). Similar to
this finding, peripheral nerve injury-induced microgliosis is
involved in local neuronal excitability in the spinal cord. In amouse
sciatic nerve injurymodel, microgliosis in the spinal cord is neces-
sary for hyperexcitability of dorsal horn sensory neurons and
further development of mechanical hypersensitivity (Inoue and
Tsuda, 2018).Microglia have diverse activation stateswith distinct
gene expression profiles (Friedman et al., 2018; Hammond et al.,
2019; Hirbec et al., 2019). Peripheral nerve injury upregulates col-
ony-stimulating factor 1 (CSF1) expression in spinal sensory neu-
rons. This is sufficient for proliferation of microglia, which express
CSF1Rs (Guanet al., 2016). Signaling viaCSF1Rsnot only contrib-
utes to microglial proliferation but also induces spinal circuit plas-
ticity and mechanical hypersensitivity by releasing brain-derived
neurotrophic factors (Zhou et al., 2019). Microglial proliferation in
Pr5 can be suppressed by CSF1R inhibitor (Figures 1 and 2).6 Cell Reports 34, 108823, March 9, 2021Thus, CSF1R signaling is also a potential key player for regulating
nerve injury-induced microgliosis in Pr5 and changes in Pr5
neuronal activity. CSF1Rs region-specifically require CSF1 or
interleukin-34 for receptor ligands during development or after
pathological insults (Easley-Neal et al., 2019; Nandi et al., 2012).
Itwould be fruitful to examine differences and similarities inmolec-
ularmechanisms underlying nerve injury-inducedmicroglial prolif-
eration and activation in the spinal cord and brainstem.
In our study, Iba1-positive cells are completely overlapped
with TMEM119-positive microglia in Pr5 after IONC, indicating
thatmicroglia are primarily responsible for the thalamic circuit re-
modeling. The contribution of other types of myeloid cells seems
to be relatively minor in our study. On the other hand, peripheral
myeloid cells enter the central nervous system after injury and in
various types of disease (Greenhalgh et al., 2020; Herz et al.,
2017). The infiltrating peripheral myeloid cells also are involved
in synaptic plasticity of spinal circuits after peripheral nerve injury
(Rotterman et al., 2019). Astrocytes, another type of glial cell,
also are involved in nerve injury-induced synaptic remodeling
and abnormal sensation. After inflammation by capsaicin injec-
tion, activation of spinal cord astrocytes is necessary for capsa-
icin-induced mechanical hypersensitivity (Kohro et al., 2020).
Peripheral nerve injury-induced increase of astrocytes contrib-
utes to synaptogenesis in Pr5 via purinergic signaling (Lo et al.,
2011, 2014). Underlying molecular mechanisms and signaling
pathways interacting with myeloid or glial cells also need to be
studied in the future.
IONC-induced facilitation of rebound spikes in Pr5 neurons
suggests that calcium spikes are potentiated (Figure S7). In
the spinal cord, the sciatic nerve injury enhances T-type cal-
cium currents not only in dorsal root ganglion neurons (Jagodic
et al., 2008) but also in dorsal horn sensory neurons (Feng et al.,
2019). Activation of T-type calcium channels in dorsal horn neu-
rons contributes to hypersensitivity to pain stimuli (Ikeda et al.,
2003). Pr5 principal neurons also express T-type calcium cur-
rents (Lo and Erzurumlu, 2001). These reports, together with
our findings, suggest a commonmechanism in peripheral nerve
injury-induced microgliosis and microglia-dependent regula-
tion of excitability of second-order sensory neurons receiving
ganglion inputs. Thus, IONC may potentiate T-type calcium
currents and accelerate depolarization-induced generation of
action potentials, as well as rebound spikes, in Pr5 neurons.
Neuron-microglia interaction probably regulates these pro-
cesses in Pr5.
The role of neuron-microglia interaction in the nerve
injury-induced thalamic reorganization
Our results imply the greater contribution of neuron-microglia
interaction in Pr5 than that in VPM to the IONC-induced recruit-
ment of ectopic axons in VPM (Figures 3 and 4). This raises a
question regarding how neuron-microglia interaction in Pr5 reg-
ulates reorganization of axonal innervation to distant VPM neu-
rons. Complete loss of excitatory inputs from trigeminal ganglion
cells by IONC dampens the activity of Pr5-originated lemniscal
axons because trigeminal inputs are a major source of Pr5
neuronal excitation. Functional synaptic weakening associates
with synapse elimination (Bastrikova et al., 2008; Lee et al.,
2014). However, deprivation of sensory inputs without nerve
Figure 4. Microglia in Pr5 are necessary and sufficient for the IONC-induced recruitment of ectopic axons in the VPM barreloids
(A–C) Relationship between local depletion of microglia from Pr5 using clodronate liposomes (CL) injection and the IONC-induced recruitment of ectopic axons in
VPM. (A) Experimental schemes. (B) A Pr5 injection site lacking Iba1 immunoreactivity (left; scale bar, 0.5 mm) and puncta distribution in the VPM barreloid (right;
scale bar, 10 mm). (C) Ratios of ectopic puncta. Ratio of the IONC group is the same as that in Figure 3D. ***p = 0.0004; unpaired t test. IONC-CL(Pr5), n = 7 mice.
(D–F) Relationship between local depletion of microglia from VPM and the IONC-induced recruitment of ectopic axons in VPM. (D) Experimental schemes. (E) A
VPM injection site lacking Iba1 immunoreactivity (left; scale bar, 0.5mm) and puncta distribution in the VPMbarreloid (right; scale bar, 10 mm). (F) Ratios of ectopic
puncta. Ratio of the IONC group is the same as that in Figure 3D. IONC-CL(VPM), n = 5 mice.
(G–I) Relationship between local activation of microglia at Pr5 using lipopolysaccharide (LPS) injection and the recruitment of ectopic axons in VPM of intact mice.
(G) Experimental schemes. (H) Injection sites in Pr5 showing increased Iba1 immunoreactivity (left; scale bar, 0.5mm) and puncta distribution in the VPMbarreloid
(right; scale bar, 10 mm). (I) Ratios of ectopic puncta. Ratio of the IONC group is the same as that in Figure 3D. LPS(Pr5), n = 6mice. Data are presented asmean ±
SEM.
See also Figure S5 and Table 1.
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OPEN ACCESSinjury is insufficient for inducing the remodeling (Takeuchi et al.,
2012). Thus, the neural changes in Pr5 following the damage of
the infraorbital nerve are a key element for triggering the axonal
remodeling. Pr5 neuronal inactivation can suppress the IONC-
induced remodeling in VPM (Figure 5), suggesting that IONC-
induced changes in Pr5 neuronal firing actively contribute to
the remodeling. In addition, Pr5 neurons become intrinsically hy-
perexcitable in response to depolarizing or hyperpolarizing cur-
rent injections after IONC (Figure 5; Figure S7). Expected from
these results, a Pr5 neuron is capable of evoking action poten-
tials by excitation from other than the infraorbital nerve or byaltered inhibition from the spinal trigeminal nucleus (Deschênes
et al., 2016; Furuta et al., 2010; Petersen, 2014). Spontaneous
firing could be more easily elicited in Pr5 neurons after IONC. In-
dividual action potentials will lack precisely timed spike patterns
because they may be driven by different input sources or mem-
brane dynamics. It is conceivable that IONC-induced changes in
membrane properties disrupt temporal spiking activity, which is
probably necessary for maintaining strong synaptic connections
to postsynaptic VPM neurons. Thus, activity changes in Pr5 bar-
relette neurons may cause the weakening and retraction of
whisker-originated axonal contacts to individual VPM neurons.Cell Reports 34, 108823, March 9, 2021 7
Figure 5. Microglia-dependent Pr5 neuronal activity change relates to the IONC-induced recruitment of ectopic axons in the VPM barreloids
(A) Current-clamp (CC) recordings from putative principal neurons in Pr5. Left image: a biocytin-filled Pr5 neuron. Scale bar, 20 mm. Right scheme: an experi-
mental design.
(B) Frequency-current relationships between the control and IONC groups (left) or between the IONC and IONC-PLX groups (right). Top traces: firing responses to
a depolarizing current injection (0.1 nA, 1 s). Bottom graphs: recordings from both the IONC and IONC-PLX groups are obtained after 2 or 3 days from the
operation. *p = 0.0406; **p = 0.0081; repeated-measures two-way ANOVA. Control: 12 cells, 3 mice; IONC: 10 cells, 3 mice; and IONC-PLX groups: 11 cells, 3
mice.
(C) Inactivation of Pr5 neurons by local injection of the lidocaine solution (4%) containing biotinylated dextran amine (BDA) for visualization. Mice receive IONC
soon after the injection.
(D) Pr5 inactivation suppresses the IONC-induced recruitment of ectopic puncta. Left top image: a lidocaine injection site visualized by BDA. Pr5 is magnified in
the right panel. Scale bars, 0.5 mm (left); 0.2 mm (right). Left bottom image: the IONC-induced upregulation of Iba1 immunoreactivity in Pr5 (indicated by a red
arrow). Scale bars, 0.5 mm (left); 0.2 mm (right). Right image: puncta in the VPM barreloids. Arrowheads indicate ectopic puncta. Scale bar, 10 mm.
(E) Densities of VGluT2-positive (top) and ectopic puncta (bottom) obtained from the IONC-Li(ctrl) group (injection without lidocaine, 4 mice) or the IONC-Li group
(7 mice). **p = 0.0032; unpaired t test.
(F) Ratios of ectopic puncta to the total VGluT2-positive puncta. *p = 0.0287. Data are presented as mean ± SEM.
See also Figure S7 and Table 1.
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OPEN ACCESSAlternatively, it is also possible that changes in Pr5 neuronal ac-
tivity alter release of trophic factors from their axon terminals in
the VPM barreloids to permit invasion of ectopic synapses
from surrounding non-whisker receptive fields, such as the
VPM non-barreloids or the thalamic ventral posterolateral nu-
cleus, to individual VPM neurons (Takeuchi et al., 2017).
Changes in neuronal activity will also alter axonal morphology
of Pr5 neurons. Our previous report shows that Pr5-originated
axons in the IONC group have a wider and more irregular distri-
bution pattern of terminal varicosities and often have a collateral
axonal branching within VPM, indicating that IONC induces
axonal sprouting of individual Pr5 neurons (Takeuchi et al.,
2017). In the spinal cord, peripheral nerve injury induces axonal
sprouting of primary afferent neurons (Woolf et al., 1992). In
the thalamus, neuronal damage by local hemorrhage induces
sprouting of thalamocortical axons (Hiraga et al., 2020). In hippo-
campal pyramidal cells, neuronal hyperexcitability caused by8 Cell Reports 34, 108823, March 9, 2021traumatic brain injury or axotomy promotes axonal sprouting
(McKinney et al., 1997; Santhakumar et al., 2005). These reports
suggest that nerve injury promotes axonal sprouting in diverse
types of neurons by affecting neuronal excitability. Thus, by
increasing neuronal excitability, the IONC-induced microgliosis
in Pr5 could also promote collateral sprouting of Pr5-originated
axons in VPM.Our previous data also show that IONC decreases
the number of terminal varicosities in individual Pr5-originated
axons in VPM (Takeuchi et al., 2017). This will relate to weak-
ening of axonal inputs by reducing contact sites of individual
axons, consistent with the IONC-induced multiple axonal inner-
vations and decrease of single-fiber EPSC amplitudes (Figure 2).
Thus, it is possible that the IONC-induced activation of neuron-
microglia interaction in Pr5 contributes to weakening of Pr5 bar-
relette-originated axonal inputs in conjunction with axonal
sprouting, collateralization, and retraction of synaptic contact
sites. It would be interesting to know further detail of rewiring
Figure 6. Microglial depletion prevents the IONC-induced ectopic
mechanical hypersensitivity
(A) von Frey stimulation to the lower jaw, which is a region adjacent to the
whisker nerve innervated area and receives the mandibular nerve inputs. The
test is performed at 1 day, 2 or 3 days, and 1 week after IONC. The mandibular
nerve is always intact. Control, 6 mice; IONC, 7mice; control-PLX, 9 mice; and
IONC-PLX groups, 8 mice.
(B) Time course of changes in filament forces of von Frey hairs showing the
escape behavior in the control and IONC groups with or without PLX admin-
istration. ***p = 0.0001; repeated-measures one-way ANOVA.
(C) Comparison of filament forces showing the escape behavior among the
control and IONC groups in the presence or absence of PLX. 1 day: *p = 0.0110
between the control and IONC groups or 0.0217 between the IONC and IONC-
PLX groups, **p = 0.0017; 2/3 days: *p = 0.0278, **p = 0.0017 between the
IONC and control-PLX or 0.0020 between the IONC and IONC-PLX groups;
1 week: ***p = 0.0004 between the control and IONC groups or 0.0001 be-
tween the IONC and IONC-PLX groups, ****p < 0.0001; one-way ANOVA fol-
lowed by post hoc Tukey’s test. Data are presented as mean ± SEM.
Article
ll
OPEN ACCESSmechanisms of presynaptic axons and related molecular
signaling.
We have recently demonstrated that GABAergic modulation of
VPMneurons regulates the recruitment ofmultiple axonal innerva-
tion from Pr5 (Nagumo et al., 2020). This finding suggests that the
IONC-induced reorganization of Pr5-originated axonal innervation
depends on both presynaptic and postsynaptic mechanisms.
Thus, in VPM, GABAergic inputs rather than neuron-microglia
local interaction are a major cause of the IONC-induced reorgani-
zation of axonal innervation. It is important to determine in future
studies how microglial activation in Pr5 and GABAergic modula-
tion to VPM neurons interact and cooperate in thalamic
reorganization.Microglia as potential therapeutic targets for preventing
the nerve injury-induced central reorganization and
hypersensitivity
The IONC-induced somatotopic reorganization in VPM remains at
least a fewmonths inmice (Takeuchi et al., 2017). The long-lasting
reorganization in the somatosensory thalamus, as well as the
brainstem and the neocortex (Jones, 2000; Kaas et al., 2008), is
commonly found in both primates with spinal cord injury (Jain
et al., 2008) and patients with amputation (Davis et al., 1998).
Thus, reorganized circuits are maintained for long time after pe-
ripheral nerve injury. This phenomenon will cause difficulties in
recovering central reorganization. In our study,microglial cell den-
sity is still high in Pr5 after 1 month from IONC (Figure S2). Once
the peripheral nerve injury induces microgliosis in Pr5, it may
continuously be maintained and contributes to the formation of
reorganized circuits. In fact, microglial depletion after the IONC-
induced formation of ectopic axons is sufficient for recovering
thalamic circuit reorganization (Figure S6). Microglial depletion
prevented the nerve injury-induced ectopicmechanical hypersen-
sitivity (Figure 6). These results suggest thatmicroglia are potential
therapeutic targets for recovering nerve injury-induced somato-
topic reorganization in the thalamus and ectopic mechanical
hypersensitivity.
Recently, PLX (also known as pexidartinib) was approved by
the US Food and Drug Administration for the treatment of adult
patients with symptomatic tenosynovial giant cell tumor (Lamb,
2019). However, because microglia crucially associate with ho-
meostatic regulation of the brain (Butovsky and Weiner, 2018),
there is still concern about various side effects when microglia
are depleted for a long time period using PLX and are repopu-
lated after stopping drug administration because repopulated
microglia have a distinct gene expression pattern from resident
microglia (Huang et al., 2018). For one example, microglial deple-
tion and subsequent repopulation of microglia induce neuronal
degeneration in the somatosensory cortex (Rubino et al.,
2018). However, a recent report demonstrates that repopulating
microglia in traumatic brain injury have a neuroprotective effect
in an interleukin-6-dependent manner (Willis et al., 2020). Identi-
fication of molecular targets underlying the neuron-microglia
interaction can enable more specific regulation of the induction
or maintenance of peripheral nerve injury-induced reorganiza-
tion of central circuits without any neuronal damages.STAR+METHODS
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals
C57BL/6 mice (Japan SLC, Inc., Hamamatsu, Japan) of both sexes and 3–8 weeks old were used for experiments. In addition,
we used following transgenic mice obtained from Jackson Laboratories: Egr2tm2(cre)Pch/J (Krox20-Cre; stock no. 025744),
B6;Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, as known as Rosa26-tdTomato (Ai14; stock no. 007914), and B6;129S-Gt(ROSA)
26Sortm34.1(CAG-Syp/tdTomato)Hze/J, as known as Rosa26-synaptophysin-tdTomato (Ai34D; stock no. 012750). All experiments
were conducted in compliance with the guidelines of the Animal Care and Use Committee of the Tokyo Women’s Medical Uni-
versity. To identify both of the VPM barreloids and Pr5 barrelettes, we crossed tdTomato reporter mice (Ai14) with Krox20-Cre
mice, which express Cre in principal neurons in the whisker-related Pr5 barrelettes but not in non-whisker somatosensory regions
in the brainstem (Oury et al., 2006; Takeuchi et al., 2014) (Figure 1). To distinguish Pr5 barrelettes-originated axon terminals from
non-barrelettes-originated ectopic ones, we crossed Ai34D mice with Krox20-Cre mice to express synaptophysin-tdTomato in
whisker-originated axon terminals in the VPM barreloids. In VPM, brainstem-originated ascending axon terminals express VGluT2
(Graziano et al., 2008). Thus, whisker-originated axon terminals have both tdTomato and VGluT2 expression whereas ectopic ones
have only VGluT2 expression (Figure S3; Figure 3A).
METHOD DETAILS
Unilateral IONC
An anesthesia of mice (3–7 weeks old) was induced by isoflurane (2%, 5–10 min) and maintained with a mixture of medetomidine
(0.3 mg/kg, ip; Nippon Zenyaku Kogyo Co. Ltd., Koriyama, Japan), midazolam (4 mg/kg, ip; Sandoz K.K., Tokyo, Japan), and butor-
phanol (5 mg/kg, ip; Meiji Seika Pharma Co. Ltd., Tokyo, Japan). After the vertical skin incision between the whisker pad and the eye,
the infraorbital nerve on one side was exposed under a microscope, freed from the connective tissue, and cut at two sites separated
by 1–2 mm to prevent axonal regeneration. The nerve was anesthetized locally by applying 2% xylocaine with 1:80,000 adrenaline
(Dentsply Sirona K.K., Tokyo, Japan) before cut. For control experiments of immunohistochemistry and von Frey filament test, sham
operation was performed as follows: the nerve was exposed by skin incision but remained intact. After suturing the skin, atipamezole
(0.1 mg/kg, ip; Nippon Zenyaku Kogyo Co. Ltd.) was injected to reverse the sedative effect of medetomidine.
PLX3397 treatment
Mice (3–6 weeks old) were treated with a pellet containing PLX (PLX3397; 290 mg/kg, S7818, Selleckchem, Houston, TX, USA)
(Elmore et al., 2014) or a normal pellet diet for 5–7 days to depletemicroglia before receiving IONC. PLX administration was continued
until the experiment was terminated.
Immunohistochemistry
Male or female mice were deeply anesthetized with sodium pentobarbital (60 mg/kg, ip; Somunopentyl; Kyoritsu Seiyaku Corp., To-
kyo, Japan) and perfused transcardially with a fixative (4% paraformaldehyde and 0.2% picric acid in 0.1 M phosphate-buffered so-
lution). Brains were postfixed for 2 h or overnight at 4C in the fresh fixative, and coronally cut into 40-mm sections using a vibratome
(Leica Microsystems Inc., Wetzlar, Germany).
To analyze the microglial cell density, sections obtained from Krox20-Cre::Ai14 mice were incubated overnight at 4Cwith a rabbit
polyclonal antibody against Iba1 (ionized calcium-binding adaptor molecule 1, 019-19741, FUJIFILM Wako Pure Chemical Corp.,
Osaka, Japan; 1:1,000) and a guinea pig polyclonal antibody against VGluT2 (VGluT2-GP-Af810, Frontier Institute, Ishikari, Japan;
1:500) in 0.05 M phosphate-buffered saline (PBS) containing 10% normal donkey serum and 0.3% Triton X-100. After washing in
PBS, the sections were reacted with NeuroTrace 435/455 (for Nissl stain; Thermo Fisher Scientific, Waltham, MA, USA; 1:100 or
200) and secondary antibodies conjugated to Alexa Fluor 488 (for Iba1; Thermo Fisher Scientific; 1:500), and Alexa Fluor 647 (for
VGluT2; Jackson ImmunoResearch, West Grove, PA, USA; 1:500) for 2 h at room temperature or overnight at 4C. VGluT2 immuno-
reactivity was used to delineate VPM or Pr5 from surrounding areas.e2 Cell Reports 34, 108823, March 9, 2021
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glia, was examined. Sections were incubated overnight at 4C with a goat polyclonal antibody against Iba1 (ab5076, Abcam, Cam-
bridge, MA, USA; 1:500) and a rabbit polyclonal antibody against TMEM119 (transmembrane protein 119; ab209064, Abcam; 1:500).
After washing in PBS, the sections were reacted with secondary antibodies conjugated to Alexa Fluor 488 (for Iba1; Thermo Fisher
Scientific; 1:500) and Alexa Fluor 594 (for TMEM119; Thermo Fisher Scientific; 1:500) for 2 h at room temperature.
To analyze lysosome expression in microglia, sections obtained from Krox20-Cre::Ai14 mice were incubated overnight at 4Cwith
a rat monoclonal antibody against CD68 (ab53444, Abcam; 1:500), a rabbit polyclonal antibody against Iba1, and a guinea pig poly-
clonal antibody against VGluT2 in 0.05 M PBS containing 10% normal donkey serum and 0.3% Triton X-100. After washing in PBS,
the sections were reacted with secondary antibodies conjugated to DyLight 405 (for CD68; Jackson ImmunoResearch; 1:500), Alexa
Fluor 488 (for Iba1; 1:500), and Alexa Fluor 647 (for VGluT2; 1:500) for 2 h at room temperature or overnight at 4C.
To analyze punctate distribution of brainstem-originated axon terminals in the VPM barreloids, VPM-containing sections obtained
from Krox20-Cre::Ai34D mice were incubated overnight at 4C with a rabbit polyclonal antibody against Iba1 and a guinea pig poly-
clonal antibody against VGluT2 in 0.05 M PBS containing 10% normal donkey serum and 0.3% Triton X-100. After washing in PBS,
the sections were reacted with NeuroTrace 435/455 and secondary antibodies conjugated to Alexa Fluor 488 (for Iba1), and Alexa
Fluor 647 (for VGluT2) for 2 h at room temperature or overnight at 4C.
To quantify microglia numbers, the sections were mounted on the gelatin-coated glass slides and sealed with Fluoromount-G
(SouthernBiotech, Birmingham, AL, USA). Images were acquired using an epifluorescence microscope (Axio Scope.A1, Carl Zeiss
AG, Oberkochen, Germany) equipped with a cooled CCD camera (QSI RS 6.1, Quantum Scientific Imaging, Inc., Poplarville, MS,
USA).
To quantify lysosome expression or puncta distribution using a confocal laser scanning microscopy (LSM710, Carl Zeiss AG), sec-
tions were mounted on glass slides, sealed with ProLong Gold or SlowFade Diamond antifade mountant (Thermo Fisher Scientific),
and coverslipped with spacers (50 mm depth). Images were acquired using a 633 oil-immersion objective (numerical aperture = 1.4,
Carl Zeiss AG) with a resolution of 40963 4096 pixels (134.953 134.95 mm, z step = 0.5 mm, from the surface to a depth of 2–4 mm).
Counting of cells or punctate staining of axon terminals was performed using ImageJ software (https://imagej.nih.gov/ij/). The
contrast and brightness of images were adjusted for presentation using Adobe Photoshop CC software (Adobe Inc., San Jones,
CA, USA).
In vitro electrophysiology
Mice of both sexes were deeply anesthetized with sodium pentobarbital (60 mg/kg, ip), and perfused transcardially with an ice-cold
solution containing 234 mM sucrose, 2.5 mM KCl, 0.5 mM CaCl2, 10 mM MgCl2, 25 mM NaHCO3, 1.25 mM NaH2PO4, 11 mM
glucose, 0.5 mMmyo-inositol, 5 mMNa-ascorbate, 3mMNa-pyruvate, and 2mM thiourea. The brain was quickly removed and sub-
merged in the same solution. Sagittal slices including VPM or coronal slices including Pr5 (thickness, 250 or 300 mm) were obtained
from the contralateral or ipsilateral side to the IONC operation, respectively, and were obtained from both sides of the intact control
mice. Slices were immersed in an artificial cerebrospinal fluid solution containing 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 26 mM NaHCO3, 1.25 mM NaH2PO4, 20 mM glucose, 5 mM Na-ascorbate, 3 mM Na-pyruvate, and 2 mM thiourea. This so-
lution was continuously bubbled with amixture of 95%O2 and 5%CO2. Na-ascorbate, Na-pyruvate, and thiourea were omitted from
the solution used during recordings.
Recordings were made in a whole-cell mode at 31–32C. VPM or Pr5 neurons were obtained from 4 to 6-week-old or 3 to 4-week-
old mice, respectively, and identified in slices using a near-infrared camera (C3077-79, Hamamatsu Photonics, Hamamatsu, Japan)-
equipped microscope (BX51WI, Olympus Corp., Tokyo, Japan) with a 60 3 water-immersion objective (numerical aperture = 0.9,
Olympus Corp.). The pipette solution for voltage-clamp or current-clamp recording consisted as follows: for voltage-clamp,
120 mM Cs-methanesulfonate, 1 mM EGTA, 2 mM MgCl2, 0.1 mM CaCl2, 20 mM NaCl, 5 mM Qx314-Cl, 2 mM Na2ATP, 0.5 mM
NaGTP, and 10 mM HEPES; for current-clamp, 130 mM K-gluconate, 0.2 mM EGTA, 2 mM MgCl2, 2 mM Na2ATP, 0.3 mM NaGTP,
10 mM HEPES, and 0.5% biocytin. The pH of the pipette solution was adjusted to 7.2–7.3 using CsOH or KOH, and the osmolarity
was 290 mOsm. The membrane potentials were not corrected for liquid junction potentials. The series resistances of recorded cells
were < 25 MU and were compensated by 70% during voltage-clamp recordings. Recordings were amplified with a Multiclamp
700A amplifier (Molecular Devices, LLC, Sunnyvale, CA, USA), digitized at 10 kHz using a Digidata 1322A apparatus (Molecular De-
vices, LLC), and collected with pClamp 8 software (Molecular Devices, LLC). Data were analyzed with IGOR Pro software (WaveMet-
rics, Inc., Lake Oswego, OR, USA) including NeuroMatic functions (Rothman and Silver, 2018).
To confirm the paired-pulse depression type of lemniscal fiber-evoked EPSCs in VPM neurons under the voltage clamp at70mV
(Miyata and Imoto, 2006), the paired pulse stimulation at a pulse interval of 100 ms was applied. During the recording, GABAergic
transmission was blocked by a bath-application of both the GABAA receptor antagonist bicuculline methochloride (10 mM, dissolved
in distilled water; Tocris Bioscience, Ellisville, MO, USA) and the GABAB receptor antagonist CGP55845 hydrochloride (1 mM, dis-
solved in distilled water; Tocris Bioscience).
Current-clamp recordings were performed using similar procedures to the previous study (Ueta et al., 2019). The resting mem-
brane potentials and firing responses to hyperpolarizing and depolarizing current steps (0.4 to 0.7 nA with 0.05 nA increments
from the resting membrane potential, 1 s duration) were recorded within 5 min from whole-cell break-in. The input resistances
were determined with a transient voltage response to a brief hyperpolarizing current injection (30 or 50 pA). The voltage sag am-Cell Reports 34, 108823, March 9, 2021 e3
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rent pulse (0.4 nA).
In some cases, recorded neurons were visualized with Alexa Fluor 488-conjugated streptavidin (Thermo Fisher Scientific, 1:500,
dissolved in PBS with 0.05% Triton X-100). After incubation for 2–3 h at room temperature, a 250- or 300-mm-thickness slice was
mounted on glass slides, sealed with SlowFade Diamond antifade mountant (Thermo Fisher Scientific), and coverslipped with
spacers (300–400 mm depth) for confocal laser scanning microscopy (LSM710, Carl Zeiss AG). Images were acquired using a
40 3 oil-immersion objective (numerical aperture = 1.3, Carl Zeiss AG) combined with a 0.6 3 (for VPM neurons; 354.07 3
354.07 mm) or 1.0 3 (for Pr5 neurons; 212.44 3 212.44 mm) magnification. Resolution of images were 2048 3 2048 pixels (z
step = 1 mm). We identified putative principal neurons in the Pr5 barrelettes by their dendritic morphologies according to the previous
study (Lo and Erzurumlu, 2001).
Stereotaxic injections
Mice of both sexes were anesthetized with a mixture of medetomidine (0.3 mg/kg, ip), midazolam (4 mg/kg, ip), and butorphanol
(5 mg/kg, ip), and were placed in a stereotaxic apparatus. Eyes were covered by 0.3% ofloxacin gel (Daiichi Sankyo Co. Ltd., Tokyo,
Japan). The skin incision was performed under local anesthesia with 2% xylocaine jelly (Aspen Japan K.K., Tokyo, Japan).
For local depletion of microglia, clodronate liposomes (Katayama Chemical, Osaka, Japan) were injected into Pr5 (anterior and
posterior places with 2 different depths; 5/5.2 mm posterior from the bregma, 1.9 mm lateral from the midline, and 4.1/4.3 mm
deep from the pial surface) or VPM (1.7 mm or 1.8 mm posterior from the bregma, 1.7 mm or 1.8 mm lateral from the midline, and
2.6mmor 2.8mmdeep from the pial surface). The infusion rate (40 nl/min for 5min) was controlled by amicrosyringe pump controller
(Micro 4; World Precision Instruments, Sarasota, FL, USA) using a 10 mL Hamilton syringe with a 35-gauge beveled needle (World
Precision Instruments, Sarasota, FL, USA). Mice additionally received IONC just after the injection (within 30 min).
For local enhancement of microglial activity, lipopolysaccharide (10 mg/ml in distilled water; 120-05131, FUJIFILMWako Chemical
Corp.) was iontophoretically injected into Pr5 (positive current, 2 mA; 7 s on/off cycles; 20 min) of an intact mouse using an iontopho-
resis pump (BAB-600, Kation Scientific, Minneapolis, MN, USA) and glass pipettes with tip diameter of 20–50 mm.
For local inactivation of Pr5 neurons, lidocaine (4% in dimethyl sulfoxide; Merck, Darmstad, Germany; a blocker of voltage-gated
sodium channels) was injected into Pr5 by using amicrosyringe pump controller with a 35-gauge beveled needle (total amount, 300 or
400 nl; 100 nl/min). To confirm the injection site, biotinylated dextran amine-10 KDa (BDA, 5% in distilled water; Merck) was included
in the lidocaine solution. After suturing the skin, mice received atipamezole (0.1 mg/kg, ip) and returned to the home cage.
After 5–6 days from the injection, mice were deeply anesthetized with sodium pentobarbital and perfused transcardially with the
fixative solution. Brains were postfixed for 2 h or overnight at 4C in the fresh fixative, and coronally cut into 40-mm sections using a
vibratome. Sections were used for Iba1/VGluT2 immunostaining and Nissl staining as mentioned above. To visualize the lidocaine/
BDA injection site, sections were incubated with Alexa Fluor 488-conjugated streptavidin (Thermo Fisher Scientific, 1:500, dissolved
in PBS with 0.3% Triton X-100) for 2 h at room temperature.
von Frey filament test
Age-matched (5–6 weeks old) IONC-operated male C57BL/6 mice and control siblings were housed in groups of 4 to 6 in each cage.
Before experiments, mice were given a normal pellet diet or a diet containing PLX ad libitum for 7 days and habituated to the exper-
imenter. After that, mice were subjected to the IONC or the sham operation for control. Withdrawal thresholds to mechanical stimuli
were estimated by an application of von Frey filaments to the mandibular region ipsilateral to the operation (Takeuchi et al., 2017). In
one session, mice were tested using an ascending series of filaments, starting from the lowest (0.008 g) to the highest (10 g) (Ugo
Basile, Gemonio, Italy). Withdrawal thresholds were determined as reflex withdrawal occurring three times in five stimuli and aver-
aged from three sessions on the day just before the operation (pre-operation), 1 d, 2 or 3 d, and 6 or 7 d after the operation. During
these experiments, mice were continuously given a normal pellet diet or a diet containing PLX. The experimenter of von Frey test was
blind to the IONC or the sham condition.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data are presented asmean ± standard error of themean (SEM). One-way analysis of variance (ANOVA) and post hoc Tukey’s test or
Dunnett’s test were used for assessing the density of axon terminals, intrinsic properties of Pr5 neurons or escape thresholds in von
Frey tests among groups. Repeated-measures one-way ANOVA was used for assessing time course changes in escape thresholds
in each group. Repeated-measures two-way ANOVA were used for assessing the frequency-current relationships of Pr5 neurons.
The chi-square test was used to assess the proportions of VPM neurons receiving a single axon or multiple axons. Two-sided un-
paired t test was used for two-group comparisons of microglial density, lysosome expression, and EPSC amplitudes. Statistical ex-
aminations were performed using GraphPad Prism 7.05 software (GraphPad Software, San Diego, CA, USA). P values < 0.05 were
considered statistically significant.e4 Cell Reports 34, 108823, March 9, 2021
